The antigen presentation to lymphocytes in brain occurs in two steps. Initially it happens at perivascular spaces by perivascular microglia/macrophage population and finally at the site of inflammation deep into brain parenchyma by the resident microglia. But recent evidence challanges the existing notion of involvement of distinct and different cells at these sites. Studies have shown that many of these microglial cells show dendritic cell phenotype in pathogenic and cytokine driven environment. Different subsets of the cell show wide range of myeloid lineage functions indicating a pre-differentiated status of the cell. Monocytic CD34 + /B220 + precursor cells have been transformed to microglial cells in vitro and transplantation of these cells show Iba-1 or F4/80 positivity with microglial phenotypes in vivo in adults. Even they can be converted into dendritic cell like forms. The interconvertability among macrophage-microglia-dendritic cells and final effector maturation according to the microenvironmental cues indicates existence of a pre-mature myeloid cell population concerned with antigen presentation and related functions in brain. With the substantial recent observation this article sketches the idea that brain APCs appearing as macrophage/microglia/DC like forms are derivatives of the same stock in response to their position and microenvironment. And also microglia is never any distinct cells, both in neonatal stage and adults.
Introduction
From the beginning it was unequivocally accepted that microglia in brain tissue are the resident macrophage or equivalent population of cells having phenotypic similarities and antigen presenting ability in CNS. When a century earlier Cajal, first histologically identified the cell in brain parenchyma later characterized by Pio del Rio Hortega with silver staining, the cells appeared as short rod like structure embedded in CNS parenchyma and smaller than the other glial partners, hence named microglia.
1,2
In normal brain they constitute not more than 5-10% of brain cells, but during neuropathogenesis they jump in number and infest the site of pathogenesis.
3,4 Plenty of research activities are now surfacing every day, mostly addressing the functional aspects of microglia in different neurodegenerative diseases, brain trauma, tumor and even in behavioral disorders. The cells present antigens, produce variety of neurotrophic factors, chemokines, cytokines and other signaling molecules which have profound influence in controlling CNS microenvironment.
5-9 A simple search in 'PubMed' for articles containing microglia in last two decades yields nearly 11,500 results. Such huge data indicates that microglia possess a double edged (both beneficial and detrimental) contribution for CNS. However, the controversy over its origin and cellular identity still remains a pertinent issue. A cluster of recent observations may evaluate the issue from the broader perspective which considers the cell as an integral part of mononuclear phagocytic system (MPS) cells. Many of the microglial research groups hold a tendency of distinguishing it into distinct subsets. But the dynamic variations of its phenotypes and functional activities mostly make those attempts inconsistent. Rather changeability of its cellular morphology and function can offer a consistent reply of this polymorphic appearance of brain APC. In this review, with the new experimental findings and from a fast developing outlook of cellular dynamics/differentiation property, the issue has been addressed to resolve this apparent contradiction regarding the existence of different brain APCs.
what are brain APCs ?
Microglia is the only exceptional cell population of CNS that has its origin out of the brain. Though with other glial members and neurons they reside deep into the brain parenchyma, these cells possess the mesodermal hematopoietic lineage. Ling and colleagues while performing their carbon-particle tracing experiments found movement of blood-borne cells in brain at embryonic stage which promoted the idea of mesodermal/monocytic lineage of microglia.
10 But, it was challenged in experiments using chimeric rats with OX-27 positive cells of hemopoietic lineage. Then the cells were found present in subarachnoid space and spinal cord CSF, but none entered in brain parenchyma to form ramified microglia.
11 On the contrary, contemporary studies on microglia ontogeny using cell surface antigen RMG-1 and RMG-2 suggested migration of small population of cells from blood to deep into CNS parenchyma and transformed into ramified form.
12 Some recent workers defy the existing concept that microglia originate from circulating blood monocytes that take residence in brain at some point in gestation and in early postnatal period. A few studies raise the controversy claiming that prenatal microglia are derived from mesodermal progenitors distinct from that of monocytic lineage.
13
Therefore, microglial identity crisis is still provoking debates. Another aspect is the morphological heterogeneity of the cell namely distinguished as 'ramified' and 'amoeboid' forms. This change of forms is termed as 'reactive microgliosis' and correlated with the functional plasticity of microglia. Conventionally, 'ramified' microglia represents the resting phase and 'amoeboid' form hints to its activation and phagocytic state.
14,15
In contrast to the misty microglia there are others of monocytic lineage around brain at the interface with blood, which are also efficient in presenting antigen. They are blood borne macrophages at perivascular spaces. These cells are phagocytic ANNALS COMP REVIEW and monitor their location at the interface between blood and brain with MHC class II and B7 expression.
16-18 They are ready to capture CNS antigens, cellular components or debris or anything abnormal leaked from inside out in perivascular space CSF and then phagocytose them to present antigen to the circulating lymphocytes in the CSF surrounding the brain.
18-21
As the ependymal lining of the ventricles lacks 'tight junctions' that characteristically separate brain from blood, the area is porous and the Virchow-Robin space is also common with such porosity. These areas clear some interstitial fluids from brain parenchyma with several antigens.
22 Now different distinct passages for cells from blood to perivascular space through postcapillary venules and from there to brain parenchyma, crossing the BBB and other porous windows have been identified.
23
Disagreement occurs regarding the issues whether these cells are tissue macrophages or microglia or only the blood borne macrophages, how efficiently they can cross the BBB and infest brain parenchyma or to what extent they participate in turnover of microglia in neuropil etc. In literature the term 'perivascular macrophage/microglia' or 'brain macrophage/microglia' is being used frequently and these terms are frequent in functional studies on the cells, irrespective of the demarcation between microglia and macrophages in brain.
Several studies on chimera and transgenic experiments have shown that bonemarrow progenitors can be traced in adult CNS. Majority of them are located around perivascular spaces generating perivascular macrophages and a few perivascular microglia but not the true representative of endogenous microglial population.
24,25
This distinction between perivascular macrophage-microglia population and seemingly 'true' microglia is also very feeble. It depends on their location, apparent morphology at a single time point and immunophenotype, mostly on the expression of few surface markers.
26 One such study distinguished microglia from perivascular macrophages depending on low level of CD45 expression in comparison with others.
27 Any definite markers are lacking for microglia and their immunophenotypes are overlapping with the other monocytic lineage cells. So it seems that the distinction is over-conscious and the flexibility of cellular response behavior according to location, microenvironment and need has been overlooked. Recently, when GFP-transfected bone marrow precursors have been reported to repopulate the brain parenchyma with ramified morphology and co-expression of microglial markers Iba-1 and CD11c, the ideas of distinguishing perivascular and parenchymal microglia/macrophages are at stake.
28
For long, it was assumed that brain is devoid of professional antigen presenting dendritic cells (DC) and it was one of the key reasons of immune deprivation in brain.
29, 30 But that became invalid when McMenamin followed by Fischer and Reichmann claimed the existence of DC into the brain and they are phenotypically related to microglia.
31, 32 The CD11c + cells are considered as DCs which were found to proliferate in brain with its counterpart CD11c -cells, but expressing other comarkers CD11b and CD45.
32 This CD11c positivity and microglial connection with DC has been identified for many occasions from then onwards. Another marker commonly found on some DC is CD4, which also has been found on microglia.
33,34 For bone marrow derived myeloid DCs injected into brain parenchyma and CSF, the DCs from CSF efficiently reached to cervical lymph node; whereas, others move little in brain parenchyma with some restricted movement.
35 These connections of DC with microglia thus indicate a serious link between the myeloid monocytic lineage cells, all concerning together in alliance for the antigen presentation related to brain.
Searching the kinship among brain APCs
Research in developmental biology indicated that from later half of first trimester and early second trimester in humans and between embryonic day 10-19 in rodents microglial progenitors populate brain. Then they spread in brain parenchyma which we consider as resident ramified parenchymal microglia in normal brain.
36,37 Some even tried to distinguish these progenitors into two, one from myeloid mesenchymal origin and second one is transitory offshoot of the fetal macrophages.
13 This distinction can be reconstructed differently if we interpret that the first population comprises of early less differentiated mesenchymal/ myeloid cells that takes entry in brain, and the later one is a late differentiated myeloid cell population which already started to express monocytic/macrophagic phenotypes during their entry in brain. Another idea is that during fetal development the myeloid lineage cells or fetal macrophage take residence in brain to differentiate into microglia, which is distinct from the macrophages in adult.
38,39 But from the study of lineage markers and differentiation aspects it cannot be denied that all the probable progenitors of microglia are basically different early stages of myeloid monocytic lineages. Now accumulating evidence on repopulation experiments of microglia in adult brain is gradually diminishing the barriers between different distinctions of microglial progenitor subpopulations instead representing different stages of the same continuum involved in the action.
Microglial commonness with monocyte/macrophage lineage
Microglia expresses nearly all of its surface markers common with the monocytes and macrophages. It includes CD1a, CD2, CD4, CD11a, CD11b, CD16, CD18, CD31, CD32, CD45, CD45R/B220, CD45RB, CD54, CD62L, CD64, CD80, CD86, CD200R, MHC class I and II and many more.
5,8,26,34,40 Many of them are also maturation and phagocytic markers for macrophages including CD11b, CD45, CD64, CD68, MHC class II etc, which have been identified in different subsets of microglia in pathogenic and normal brain.
13 This correlation is also evident inside the cell as the transcription factors like PU.1 or MafB, required for development of macrophage and DCs from myeloid cells, are also found important for microglial differentiation.
41-43
No strict barrier between microglia, macrophage and dCs
As it is also true that microglia has been identified with many DC common markers like CD2, CD4, CD11a, CD45, CD45RB, CD80, CD86 and most importantly CD11c in subsets of the cell, a perfect connection between myelo-monocyte derived DC, macrophage and microglia is clearly visible. + counterparts. They also found that the cells are related with microglia as the microglia when exposed to GM-CSF and CD40 ligation differentiates to DC.
32
When DCs isolated from GFP-transgenic mice, pulsed with OVA-antigen were injected into the mice brain parenchyma, they showed increase in population, signs of maturation, and CCR7 expression for homing. Some of these cells came out to 
Cell tracking experiments demolish myths about microglia
The series of transplantation and cell tracking experiments in the recent past provide support to the view. Bone marrow derived GFP-expressing stem cells injected in lethally irradiated mice were found to migrate into brain and populate throughout the brain. Notably, they acquire microglial morphology with expression of Iba-1, CD11c and MHC class II [Fig-1 ].
28
An important observation is that, compared to other tissue macrophages, microglia behave more like immature myeloid cells.
46 Some of these immature cells express CD34 and B220 antigens in developing brain. Blood circulating CD34 + /B220 + myeloid progenitors from adult, with exposure to M-CSF and glial cell conditioned medium, differentiate to microglia in vitro. 47 To define the role of blood circulating monocytes in entorhinal cortex lesion (ECL) the GFP and CFDA had been used as cell tracker and the observation demonstrated that blood derived monocytes cross BBB and infiltrate layers of anterograde axonal degeneration. In brain, the cells show transformation from round to ramified morphology at the lesion site and positivity to Iba-1, Mac-1 and F4/80.
48 In other set of experiments GFP-transfected bonemarrow cells engrafted in irradiated mice showed GFP
+ cells with typical microglial morphology in the molecular layer of brain parenchyma. These cells showed enhanced MHC class II expression during acute bacterial meningitis and these donor derived microglia increased and infested brain after one month of infection, integrated into the pool of parenchymal microglia and participated in recovery process.
49 Similar experiment found that DCs are also able to transmigrate through brain capillary endothelium without much changes in BBB and the process is assisted by MIP-1α chemokine and MMP-2/9.
50
New evidence suggests that even microglia invites circulating monocytes to brain during peripheral infections by secreting chemokine MCP-1/CCL2 in association with TNFα.
51 In all these cases, the bone marrow derived/hemopoietic stem cells or circulating monocytes used in the experiment never showed differentiation bias to any other glial cell types and always keep hemopoietic lineage fidelity.
48,52,53 These observations suggest that whether less differentiated HSC or comparatively differentiated blood monocytes or more differentiated DCs, they are all able to infest the adult brain, repopulate and mingle with parenchymal microglia according to the CNS microenvironment and situation.
Progenitors, morphs and their dynamic conversions
In glioma and other conditions microglia has shown a stable turnover and selfrenewal capacity.
14,54 Their pre-differentiated behavior, as already mentioned, was addressed initially by Santambrogio and colleagues. 55 This status was found true for neonatal and adult brain when different myeloid marker expression was analyzed. The cells had been designated as CD34
+ HSC derived CD45 + uncommitted myeloid precursors. They are responsive to GM-CSF to differentiate into 'DC-like' phenotype with CD11c and M-CSF inducing them to 'macrophage-like' phenotype and functional attributes; and investigators defined the cell as 'prodendritic'.
47,55 Microglia shows astonishing range of functional plasticity also, which varies from normal to different pathogenic conditions. With antigen presentation they express variety of co-activation receptors, cell adhesion molecules, F C , scavenger, pattern recognition, complement and death receptors; can release pro-and anti-inflammatory cytokines and chemokines, reactive oxygen and nitrogen species, neuronal growth factors; and react to varied mitogenic and non-mitogenic agents. Detailing of there is beyond the scope of this article. However, particulars of these functional aspects of microglia are available in literature.
5,26,56,57 From plethora of studies on microglia and associated macrophage like cells in brain it is now evident that microglial population can adopt and act in almost every possible role of myelo-monocytic cell lineage; and in addition they can perform some CNS specific glial functions probably as local adaption in the CNS microenvironment [Fig-2] .
8,58,59,40 This potential for wide variability also indicates for microglial precursor state that can adapt and mature in several potential paths to reach the terminal effector state as needed in CNS.
Human CD34
+ HSC transplantation in NOD/SCID mice CNS strikingly yields microglia in vivo with ramified morphology and Iba-1. 60 The fact is that microglia in adult can be generated from direct transplantation of even a single HSC and ~54-98% of transplanted cells attaining Iba1 immunolocalisation.
52 From differentiation-maturation perspective it is determined that CD34 + HSC attain CD11c when GMCSF and IL-4 aid them to differentiate as DC. Fig.1 : GFP-expressing bone marrow derived stem cells have been found to enter brain parenchyma in adults, populate their and express APC specific marker CD11c, which is mostly assigned for dendritic cell (DC) specificity. In the same experiment investigators found the co-expression of GFP and iba-1 (mostly specified for macrophage/microglia) with ramified morphology [ Figure not reproduced here]. The observations demonstrated that even in adult, progenitor cells has the ability to repopulate in brain which transdifferentiate into microglia with both macrophage/DC phenotype and hence competent to present antigens to cells of adaptive immune systems, mostly to infiltrated lymphocytes.
insulin-like growth factor 1 (IGF1) expression and downregulation of TGFβ in the transformed microglia.
65
These observations suggest that in brain, microglia is normally present as predifferentiated monocytic cell population. According to microenvironmental cues the cells are capable of transforming into DC or macrophage like effector forms. They may interchange their characters also to a limited extent. In adult, pre-differentiated blood monocytes enter brain, can repopulate parenchymal microglia, and differentiate to its forms and functional attributes. All these cells collectively constitute microglia from perivascular space to parenchyma with ANNALS COMP REVIEW dynamic differentiation potential. Their diversities can be designated as different maturation grades resulted accordingly with local atmosphere, mostly reversible except terminally differentiated.
Old 'ramified' vs 'amoeboid' microglia redefined
To describe the functional plasticity of microglia, generally short rod shaped parenchymal microglia with ramification found in normal brain had been designated as 'resting' phase of the cell. But in neuropathogenic condition the cells are found to cluster around the site of lesion or inflammation with more round amoeboid morphology [Fig-2 ]. These were designated as its 'active' form with effector functions including secretory properties and phagocytic abilities.
6,14 With the abundant data of microglial functional activities this demarcation of 'ramified/ resting' and 'amoeboid/active' status was gradually narrowing. But a clear blow on that idea was received with the advanced time-lapsed two-photon microscopic technique. From live CNS preparation it was documented that the so called resting microglia possesses DC like slender ramifications undulating, protruding and retracting in the tissue matrix for the surveillance of its surroundings.
66 Even immediately after local injury, motility of this resting microglia to the site with active changes of processes was found. Another study in in vivo preparation of transgenic mouse brain expressing Iba1-EGFP (enhanced green fluorescent protein) in microglia/macrophage lineage cells showed that so-called resting/ramified microglia make direct contact with the synapse to monitor the functional state. In injury they move, protrude their ramification and help in remodeling the neuronal circuits disrupted by ischemia.
67
These recent observations showed that the ramified forms of microglia are highly motile, always vigilant to check the integrity and function of CNS, even able to repair subclinical abnormalities.
66-68
The ramified forms of microglia have striking similarities in their protrusions with dendritic cells. CNS immunesurveillance and controlled antigen presentation mostly rely on this form of cells. If we revisit the cellular morphology and receptor expression patterns from the stem cell transplantation experiments, it can be noticed that the cells with highly ramified morphology mostly express CD11c and MHC class II with Iba-1.
28 But when prominent effector functions, repair and clearance in pathogenic brain is needed, microglia mostly become hypertrophic and transform into amoeboid forms. These have been found in transplantation experiments in diseased conditions with Iba1, F4/80 and CD11b+ cells having rounded morphology; and also in a huge number of functional studies on microglia.
47-49
Therefore, the ramified and amoeboid forms of microglia in adult brain should not be differentiated into resting or active state. On contrary, they are different states of functional response against the prevailing circumstances in CNS.
Brain APCs/microglia are functional morphs of monocytic lineage
Microglia has long been regarded as the resident macrophage of brain and its connection with macrophage lineage is under scrutiny since its discovery. But throughout the last decade microglial connection with DC becomes more and more evident, which we have already talked about. Two simultaneous observations extended this beyond brain. Monocytic cells, just crossing the BBB, when exist adjacent to capillary endothelium and astrocytic end-feet had been as- Fig. 2 : Diversity of forms and functions of microglia are enormous. The cell is designated as the hybrids between white blood cells and glial cells (Streit, 2002, Glia) . Microglia shows immense immune functional potentials and can practically adopt nearly all functional forms that can possibly be adopted by mononuclear phagocytic system (MPS) cells. Additionally, they can release and respond to a variety of neuronal factors including some neurotransmitters, growth factors or trophic factors etc. At neonatal stage most microglia in brain appear with round amoeboid shape, which transform to elongated ramified form in normal adult brain. But in pathogenic or injured brain tissue they reappear in amoeboid forms. This diagram represents the functions and forms of microglia at a glance. 70 Thus the demarcation of even perivascular microglia, macrophage or DCs and also the same for the APCs in brain parenchyma is getting difficult. In every position, the brain APCs comprise several sub-populations of cells expressing any of these morpho-and immune-phenotypes with wide range of effector functions or exists at some pre-differentiated stage. Even the forms possess potential for inter-conversion between them to some extent.
63-65
This issue can be viewed in the larger spectrum of monocytic cell family. The long standing efforts applied to separate macrophages from the specialized antigen presenting cells named as dendritic cells are now facing serious challenge. Hume, 2008, in 82 Therefore, the above findings indicate that antigen presenting cell phenotype is essentially a regulated response activity, as it holds true also for phagocytic and other effector phenotypes of MPS. And brain is not the exception for the mononuclear phagocytic system (MPS) to produce its functional heterogeneity with corresponding morphological variations. That was demonstrated in vitro with Flt3+ bone-marrow progenitor cells which could commit them sequentially into different differentiation program for DC, osteoclast and macrophage; and glial cell conditioned medium (GCCM) polarize these progenitors to differentiate into microglia.
83
Therefore, mounting evidence from different experimental approaches shows that the cell population termed microglia is an aggregation of different related forms, varied functional identities. Apparent inconsistencies are basically nothing but the 'spatial' and 'functional' versions of mononuclear phagocytic heterogeneity related to brain. The 'DC like' (mostly ramified) and 'macrophage like' (mostly amoeboid) appearances are derived from the 'premature' monocytic cells as a response behavior in that particular CNS microenvironment. From accumulated evidence a simple hypothesis about the transforming cellular nature of brain APCs designated as macrophage/ microglia/DC can be redrawn. During neuropathogenesis in adult CD34 + CD45 + monocytic precursors with activated PU.1 transcription factors in the CNS blood capillaries step into the perivascular space with CD11b + /CD11c +/-phenotype, which are premature DC/macrophage forms. These immature APCs entering CNS undergo phases of functional and morphological transformation under the influence of local milieu and merge with the existing mononuclear phagocytic population that colonized during embryonic and early natal days in brain from blood. This merged population forms a cooperative antigen presenting and phagocytic system; the final differentiation and effector maturation of which is still to be determined by different cytokines, chemokines and receptor ligations at the site of action [Fig-3] . These mononuclear cells, namely microglia, can move through extracellular matrix constituting projections of astrocytes to the effector site by α6β1 integrin, a receptor of laminin expressed by them.
84

Conclusions
The recent disagreements on the monocytic heterogeneity yield in favor of the continuum of progeny of a common precursor.
85 The brain APCs, in and around, therefore appears as a combination of different morphs of the same mononuclear phagocytic system cells. They attain different name according to their positional and functional differentiation stage. When they reside in brain parenchyma with certain morphological and immunophenotypic features, as imposed or defined extramurally, they become the 'microglia-resident macrophage of brain'. But cumulative evidence suggest that a dynamic passage exists for the mononuclear cells, mostly from blood to brain throughout the life. The process becomes more prominent during neuropathogenesis. As these cells possess a pre-differentiated status with migratory behavior that helps them to cross the BBB, to move in brain parenchyma and gain final differentiation at the effector sites in brain, they have been planned as vechicle of gene therapy and drug delivery in brain.
86 This effort is aimed to exploit its 'pre-mature' nature and opening up a new opportunity for treating CNS diseases. Thus brain APCs provide a new insight and possibility for regulating the brain immunity.
